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| ntroduction

My nane is Kevin Trenberth. | amthe Head of the Cinmate Analysis Section at
NCAR, the National Center for Atnospheric Research. | amespecially
interested in global-scale climte dynamni cs; the observations, processes and
nodel i ng of clinmate changes frominterannual to centennial tine scales. |
have served on nany national and international conmmttees including Nationa
Research Council/ National Acadenmy of Science committees, panels and/or boards.
| recently served on the National Research Council Panel on “Reconciling
observations of global tenperature change”, whose report was published in
January 2000. | co-chaired the international CLIVAR Scientific Steering G oup
of the World Cimate Research Programme (WCRP) from 1996 to 1999 and | renain
a nmenber of that group as well as the Joint Scientific Comrittee that oversees
the WCRP as a whole. CLIVAR is short for Climate Variability and
Predictability and it deals with variability fromEl N fio to gl obal warm ng

| have been involved in the global warm ng debate and | am extensively

i nvolved in the Intergovernmental Panel on Cinmate Change (I PCC) scientific
assessnent activity as a | ead author of individual chapters, the Technica
Sunmary and Policy Makers Summary of Working G oup |

During the past 20 years, global nean surface tenperatures have been rising at
arate as large as any that has been observed within the historical record.
Such rapid warm ng at the Earth's surface is in contrast to the trend in the
gl obal - nean tenperature of the lowest 8 kiloneters of the atnosphere (within
that portion of the atnosphere referred to as the troposphere) as inferred
from nmeasurenents of radiation enmtted by oxygen nol ecules (a proxy for
tropospheric tenperature) sanpled by the mcrowave sounding unit (MSU) carried
aboard the NOAA polar-orbiting satellites; see Fig. 1 for the vertical
structure of the atnosphere. | will sumrarize here the state of know edge
with regard to observed clinmate change, and especially the issues of the
changes in tenperatures as seen by the synthesis of observations taken at the
Earth's surface versus those neasured by satellite.

bserved clinmate change

It is important to appreciate that tenperature changes are only a part of the
total picture. dobal warmng refers to the increased heating of the Earth
arising fromwell docunented increases in greenhouse gases such as Carbon

Di oxi de. At the surface, sonme of that heat goes into raising tenperatures, but
nost of it goes into evaporating noisture. This is especially true as |long as
the surface is wet, as it always is over the 70% of the gl obe covered by
oceans. After rainfalls, in bright sunshine, it is only follow ng the drying
up of surface puddles that tenperatures are apt to rise. Accordingly, the
strongest heat waves occur in association with droughts because then there is
no surface noisture to act as a "swanp cooler", and droughts are apt to becone
nore intense with global warning. Meanwhile the increases in atnospheric

noi sture fuel nore vigorous storms. Changes in extrenes of climte will be
nmuch greater than changes in the nean. It also neans that tenperature
increases are likely to be muted in places where precipitation has increased,
as is generally the case for nost of the United States. Changes in cloud
cover, stormtracks, wi nds, and so forth further conplicate the picture. The
very nature of the atnospheric circulation, in which |arge-scale waves occur,
al so guarantees that sonme regions will warm nore than others and sonme regions



may cool even as the planet as a whole warns. These coments highlight the
need to exami ne several factors, including precipitation, when devel opi ng an
under st andi ng of tenperature changes.

Surface tenperatures

The surface tenperature record is nade up nostly from neasurenents by
thernmoneters that track surface air tenperature over |and and ocean, as well
as sea surface tenperatures (SSTs) over the oceans. |In recent years satellite
i nfrared nmeasurenents have hel ped determnine patterns of SSTs. The coverage
i ncreases over tine after about 1850; it was quite poor in the 1800s and is
best after the 1950s. It is only truly global after 1982 with the hel p of
satellite nmeasurenments. It is generally poor over the southern oceans and
there were al nbst no data over Antarctica prior to the I1GY (1957). Changing
bi ases confound the clinmate record. These arise from changes in observing
practices (thernoneter types, their exposure, the tinme of neasurenent etc),
and changes in | and use practices. The urban heat island is the best known
latter effect and arises because of the concrete jungle in cities which
retains heat at night and causes rapid runoff of rain.

The advant ages of the surface record are its Ilength, well over 100 years, the
many i ndependent neasurenents, several independent analyses, and its
robustness to the many cross checks, such as Northern versus Sout hern

Hem sphere, urban versus rural, and | and-based versus nari ne neasurenents.
The di sadvantages are the nostly |l ess than gl obal coverage, and coverage
changes with time. An overall assessnent is that the trends are robust, but
may be slightly over-estimted owing to under-representation of the southern
oceans and Antarcti ca.

Surface tenmperatures (Fig. 2) have increased by 0.7C (1.3F) over the past
century. The increase is not steady but occurs nmainly fromthe 1910s to 1940
and the 1970s to the present. 1998 is the warnest year on record and the
1990s are the warnest decade in both heni spheres, on | and and on the ocean.
Melting glaciers and rising sea |l evel provide strong supporting evidence.
However, over land nighttinme tenperatures are rising faster then daytine
tenperatures, by alnpst 0.1C per decade since 1950, apparently largely because
of increases in |ow cloud cover.

The surface tenperature record has been extended back in time by use of proxy
i ndicators that are known to be sensitive to tenperatures, such as fromtree
rings, corals, and ice cores. A recent synthesis of these provides further
context for the recent trends and shows that the |last decade is likely to have
been the warnest in the past 1000 years.

Radi osonde t enperatures

Measurenents of tenperatures in the atnosphere above the surface becane
routine beginning in the m d-1940s through use of ball oon-borne instrunent
packages (radi osondes) that transnmit therm ster-neasured tenperatures back to
ground along with pressure and hum dity. Their purpose has been nmainly for

avi ati on use and weat her forecasting. The observations are at best twice daily
and while spatial coverage inproved in the I1GY, it is marginal for |arge-scale
estimates before about 1964. The biases are the many changes in



i nstrunmentation and observi ng nethods, often with poor docunentation of these
changes. There are known biases in sonme brands, and a comon probl em has been
i mproper shading fromthe sun and adequate ventilation. [Recall the
tenperature is that of the air, which nust therefore be circul ated past the
sensor, and the sensor nmust be protected fromdirect solar radiation.] The
advantages are the very high vertical resolution of the nmeasurenents, the use
of new i ndependent instrunents for each sounding and the diversity of
instruments. Also, there have been a few i ndependent anal yses. The

di sadvantages are the diversity of instrunments that are i nadequately
calibrated for clinmate purposes, their often unknown changes with tine, and
the spotty non-gl obal coverage. An assessnment suggests that the tropospheric
record is reasonably well known after 1964 in the Northern Hem sphere
extratropics, but that coverage is inadequate el sewhere.

Satellite tenperature neasurenents

The satellite record is nade up of MSU neasurenents of nicrowave radiation
emtted by the atnosphere which are proportional to tenperature. The coverage
began in Decenber 1978 twice or four tinmes a day fromone or two satellites,
and is global. The enissions represent a very broad layer in the vertical, and
so a retrieval is used to obtain the tenperature closer to the surface. This
is the comonly used satellite record but it still represents the |owest 8 km
or so of the atnosphere, so it is physically a very different quantity than
the surface tenperature

The observation tinmes vary with satellite and orbit drift. Biases arise from
the use of 9 different satellites and instrunents, orbital decay affects the
retrieval, east-west drift of the satellite affects the tine of day of
observation, and there are instrunment calibration and solar heating of the
platformeffects. Another significant factor is that the retrieval anplifies
the noise by a factor of 3 to 5. Oher disadvantages are sone contamni nating
effects fromthe surface, especially over |and, contani nation by
precipitation-sized ice, the difficulty of obtaining continuity across
satellites, the shortness of the record, and one group has processed the data
The advantages are the global fairly uniformcoverage, the long-termstability
of mcrowave radi ati on em ssions from oxygen, the biases may be well
determined if there is adequate satellite overlap, and there are many
observati ons which can be used to reduce random noi se. The assessnent is that
this record is excellent for spatial coverage and deternining interannua

vari ati ons but suspect for trends.

Reconciling tenperature records

Al'l three records have been inproved and devel oped in recent years. In
particul ar several corrections have been nade to the satellite record (e.g.
for orbital decay), and these have inproved the agreenent. Using the

radi osonde record to estinmate the tenperatures of the |ayer seen by satellite
shows very good agreenent, so that the radi osonde record can be used to extend
the satellite record back to about 1964 (Fig. 3). Wile tropospheric
tenperature trends from 1979 to 1999 are snmall, longer termtrends are nore
clearly positive and closer to those at the surface.

It is evident that the trends in the satellite record are distinctly |ess than



those in the surface record after 1979, and this arises primarily because they
are neasuring quite different things. The differences cone fromthe vertica
structure of the tenperature changes with tine, which are conplicated by
features, such as tenperature inversions, in which the surface is disconnected
fromthe atnosphere aloft. Low level inversions trap pollutants near the
surface and are commopn over extratropical continents in winter, as well as

t hroughout nmuch of the tropics and subtropics. The physical forcing factors
believed to be involved in causing differences in trends include (1)

strat ospheric ozone depletion which preferentially cools the satellite record;
(2) episodic vol canic eruptions which cool the MSU nore; (3) increases in
greenhouse gases which warnms MsSU nore; (4) changes in visible pollution
(aerosol s) which have conplex regional effects that are not well known in
vertical structure; (5) solar variations which are fairly small in this

i nterval

O her physical factors include (1) El Ni Ao and other natural variability which
seens to produce a larger MSU response than at the surface by about 30 to 40%
(2) day-night differences which relate to maxi mum versus m ni mrum tenperature
trends; and (3) |and-ocean differences. The much greater increases in mninmm
tenperature, related to increasing cloud cover, occur through a shall ow | ayer
and are not seen as much by satellite as maxi num tenperature changes which are
di stributed throughout the atnosphere by convection. The extent to which the
changes in cloud cover arise fromchanges in atnospheric pollution or are a
response to clinmate change is quite uncertain. Al so ocean surface tenperatures
are nuted, land tenperature changes are nuch |arger, and these differences are
paramount at the surface but less evident in the troposphere where w nds are
nmuch stronger.

Not all of these effects have been included in nodels that deal wth gl oba
warnming or future clinmate change projections, but nore sophisticated clinmate
nodel simul ations are expected in which best estimates of all the forcings
will be included. Further inprovenents are also likely in the observational
records of all three types. However, it is believed that the records are
reasonably physically consistent with each other once all the forcing factors
are taken into account. Accordingly, the recent warmng at the surface is
undoubtedly real, substantially greater than the average rate during the 20t
century, and is in no way invalidated by the satellite record

A reasonabl e interpretation of the observational record is that gl obal warm ng
fromincreased greenhouse gases is resulting in global tenperatures that are
now above and beyond those arising fromnatural variability. The main reasons
tropospheric tenperatures are not keeping pace are because of stratospheric
ozone depletion and increases in cloud cover. Consequently |larger surface
tenperature i ncreases occur over land and at nighttine. Wile observationally
uncertain globally, although with strong evidence over the United States,

i ncreases in surface drying, atnospheric npoisture anpbunts and precipitation
rates are expected as part of an increase in the hydrol ogical cycle. This

i ncreases risk of floods, droughts and associated fires; these are al

extrenmes which are very costly to the environnent and to society.



Typical temperature profile
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Fig. 1. Thetypical structure of temperature with height is shown. The lower atmaosphere is the troposphere and the
lowest 8 km or so of that is the region measured by the MSU-LT. The stratosphere contains the ozone layer and is
separated from the troposphere by the tropopause which variesin height from about 10 km in the extratropics to 16
km in the tropics.
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mperature expressed as the departure from the 1961-90 average of 14C, called anomalies. From U.K. Met. Office and
University of East Anglia.



Seasonal Global Mean Temperalures

Satellite (MSU), surface (CRU and UKMO) and balloon (HadRT2.0)
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Fig. 3. Global mean seasonal temperature anomalies from the MSU-LT after 1979, the equivalent from radiosondes,
and the surface from 1958 on.



